Abstract-This work presents a wireless system that operates in the 2.4 GHz ISM band for concurrently sensing the vital signs and positions of multiple individuals. Characterized by low complexity and high accuracy, the proposed system consists of two main parts. One is a self-injection-locked (SIL) tag carried by a subject, which emits a sinusoidal frequency-modulated (SFM) signal with vital sign information. The other is a group of injection-locked (IL) I/Q receivers, which performs arctangent demodulation of the SFM signal to obtain the position information without using RF reference signals, and simultaneously extracts the vital sign information of the subject. In the experiment, the system is capable of sensing multiple individuals based on frequency division multiple access (FDMA) technique. Moreover, fidgeting effect on the detection of vital signs has been greatly reduced by a spectral product approach. Accordingly, it is demonstrated that the experimental prototype provides accurate information about the vital signs and positions of different individuals in an indoor environment.
The RSS method measures the attenuation of a received signal to estimate the distance between transmitter and receiving units using a propagation equation [3] [4] [5] . However, its accuracy is easily affected by multipath fading and shadowing, which are caused by indoor interference [3] . In a TOA system, all of the receiving units and transmitter are synchronized in time [6] [7] [8] . One-way propagation delay is measured to calculate the distance between the transmitter and each receiving unit. Therefore, the target can be located from the intersection of the circles that are centered at receiving units. Unlike the TOA method, the TDOA method [9] [10] [11] measures the difference between the arrival times at multiple receiving units to locate a target. The benefit is that time synchronization is required only among the receiving units.
Although the TOA and TDOA methods have been widely used in indoor positioning systems because of their high accuracy, the error in reference signal synchronization significantly degrade their performance [12] . However, designing a synchronization mechanism for simultaneously achieving accuracy, energy efficiency, system complexity, scalability, and robustness remains challenging [6] .
The time synchronization requirements are not necessary in the RTOF and AOA methods. In an RTOF system, the receiving units are replaced with ranging radars, such as pulsed radars [13] or frequency-modulated continuous wave (FMCW) radars [14] . Moreover, the target carries a transponder that often utilizes passive frequency doubler [13] [14] [15] [16] to respond to the interrogating radar signal, and the round-trip propagation delay is measured to determine the position of the target. However, the propagation loss leads to a trade-off between sensing range and radar transmitting power. Recently, in [17] and [18] , a switched injectionlocked oscillator is used as an active backscatter transponder in a localization system to significantly amplify the response signal and hence increase the sensing range. Nonetheless, a large receiving signal bandwidth is required in this system, which is detrimental to receiver sensitivity. Whereas the aforementioned methods involve at least three receiving units for two-dimensional positioning, the AOA system [19] , [20] requires only two receiving units with a high-directivity phased array antenna to locate the desired target from the intersection of two antenna beam directions, and no synchronization mechanism is required. However, the use of phased array antennas to ensure high accuracy is associated with the drawbacks of increased system complexity and excessive cost.
CW radars have been extensively used for accurate and reliable non-contact cardiopulmonary monitoring [21] . With the help of FMCW and stepped frequency CW (SFCW) technologies [22] , [23] , these radars can concurrently localize the subjects while monitoring their motion and health. Recently, the use of self-injection locked (SIL) radars for sensing vital signs has been developed as a method with favorable performance, low system complexity, high sensitivity, and high immunity against the clutter effect [24] , [25] . Additionally, a hopping frequency can be used to solve the problems of null points and co-frequency interference. Moreover, the effects of random body motion can be eliminated by the mutual injection locking of two SIL radars [25] . Advanced see-through-wall surveillance system can also be built by an SIL radar with FMCW and tracking antenna technologies [26] .
Our preliminary work [27] as the first to combine TDOA and SIL radar technologies to sense simultaneously the vital signs and position of a subject. The system comprises an SIL tag and three receivers. Each receiver includes an amplifier limiter, an injection-locked oscillator (ILO), and a delay discriminator to demodulate a sinusoidal frequency-modulated (SFM) signal that is emitted from an SIL tag. Since there are no RF reference signals applied to the receivers, complex reference signal synchronization issues are avoided. However, delay imbalance among various receivers significantly degrades positioning accuracy. Therefore, amplifier limiters are utilized in [27] to maintain a similar injection power level and effective time delay of the ILO in each receiver.
In this paper, injection-locked (IL) I/Q architecture with arctangent demodulation is adopted. Basically, the output TDOA information is not influenced by the delays of ILOs, so the amplifier limiters are unnecessary, and the system complexity and robustness are improved. Moreover, this work adopts frequency division multiple access (FDMA) technique to sense multiple individuals. As shown in Fig. 1 , the tags attached to various subjects are operated at different frequencies, and the operating frequencies of all receivers are easily adjusted to extract vital signs and positions of multiple subjects. The IL I/Q receiver mainly contains a receiving (RX) antenna, a low-noise amplifier (LNA) with a power gain of 22 dB, an ILO with a dedicated injection input terminal, a quadrature power splitter, I/Q mixers, and two low-pass filters (LPFs). The RX antenna is a panel antenna with a high gain of 12 dBi. The ILO has a tuning range from 2.3 to 2.6 GHz and it delivers an output power of about 5 dBm to pump the I/Q mixers with a conversion gain of . The principle of detection is described briefly as follows.
As shown in Fig. 1 , three IL I/Q receivers with known locations in the sensing range determine the positions of the target subjects who are carrying SIL tags. Notably, the tags are tied to the chest of the subjects with the help of the belts. First, with reference to Fig. 2(a) , the tuning input voltage , a sinusoidal signal, frequency-modulates the inherent oscillation signal of the ILO for two purposes. One is for frequency separation of the individual tags and the other is for generation of the modulated localization signal. The tag antenna can transmit the ILO output signal to the environment and receive injection signal that is reflected back from the subject with a Doppler modulation due to the subject's cardiopulmonary motion. Next, the injection signal enters the ILO via its output terminal to establish an SIL loop. Second, with reference to Fig. 2(b) , the SFM signals emitted from the SIL tags are received by RX antenna of the IL I/Q receiver as ; the low-noise amplified signal is fed into the RF terminals of the I/Q mixers and the injection terminal of the ILO that enters an IL state after receiving . In the receiver, the ILO functions as a band-pass filter with tunable time delay. Then, the quadrature power splitter outputs and to the LO ports of the I/Q mixers. Essentially, this receiver is a non-coherent frequency demodulator that outputs low-pass filtered signals and related to the instantaneous frequency variation of the received signal . Third, with the help of digital signal processing (DSP), the baseband signal of the receiver is obtained via an arctangent function. Finally, vital signs, including respiration and heart rates, are extracted from the low-pass filtered baseband signals, whereas the position of the subject is computed from the differences between the phases of the high-pass filtered baseband signals in different receivers.
A. SIL Tag
As shown in Fig. 2(a) , the SIL tag has a single-antenna architecture: it uses the same antenna to transmit as it does to receive without the need to isolate both signals. The transmit-receive coupling hardly influences the signal-to-noise ratio of the SIL tag [25] . The ILO in a tag has an inherent instantaneous oscillation frequency, , and a constant oscillation amplitude,
. When an injection signal , with instantaneous frequency and constant amplitude , enters the ILO, the output signal , with constant amplitude , can be regarded as a vector that rotates clockwise with beat frequency with respect to , while is the phase difference from to . Based on Adler's analysis [28] , the instantaneous output frequency is represented as
When a sinusoidal signal is applied to the tuning terminal, the inherent oscillation frequency becomes (2) where is the tuning sensitivity and is the center frequency of the ILO. Based on the assumption that the ILO has a small tuning range, the locking range in (1) is given by (3) where represents the quality factor of ILO's tank circuit.
In an SIL state of sensing cardiopulmonary activity, the phase difference equals the round-trip phase delay between the tag and the subject's chest, given by (4) In (4), is the initial distance from the subject to the tag; represents the displacement fluctuation that is caused by the cardiopulmonary motion of the subject, and denotes the speed of light.
The frequency variation that is caused by the SIL phenomenon, included in (1), has been demonstrated in [24]- [26] . The experimental results in these previous works indicate the satisfactory sensing of cardiopulmonary movements by SIL radar. Obviously, the proposed tag is very low complexity, and therefore is likely to consume much less power than the conventional tags using contact sensors with wireless data transmission capabilities [29] .
B. IL I/Q Receiver
As shown in Fig. 2(b) , the that is received in the receiver is amplified as the input signal , which can be expressed as (5) where and are the constant amplitude and initial phase of the input signal, respectively. In (5), represents the propagation delay, which is given by , where is the distance between the receiver and the tag. The input signal is simultaneously fed into the input terminals of the I/Q mixers and the ILO in the receiver. When the ILO is injection-locked by , it functions as a band-pass filter with tunable time delay, and its output signal is quadrature-divided as and to pump the I/Q mixers. Basically, the signals and are just the delayed and scaled versions of (5) with or without 90 degree phase shift. In channel I, the local signal is given by (6) where and are the output voltage and lock-in time, respectively, of the ILO in the receiver. According to [30] , is given by (7) where is the locking range of the ILO in the receiver. is the initial frequency difference between the tag and the receiver.
Next, mixer I outputs the product of and . After low-pass filtering of spurious signals, the output signal of channel I in the receiver can be found as (8) where represents the conversion gain of I/Q mixers. Assume that , can be approximated as (9) In channel Q, the local signal is an orthonormal version of :
Similarly, the output signal of channel Q in the receiver is approximated by (11) Notably, small angle approximation is not valid to use in (9) and (11) because the term may not approach 0 or . Therefore, the output signals fail to reflect the change in frequency that is caused by the tuning voltage and the cardiopulmonary motion of the subject. Moreover, according to (7), the lock-in time of the ILO is correlated with the locking range that is dependent on the input voltage to the ILO, and the distances between the tag and the various receivers are typically different, yielding different values of and for different . This ILO delay mismatch affects the differences between the phases of the baseband signals that are delivered by the different receivers, causing a degradation of accuracy in localization. In this study, the arctangent demodulation method proposed in [31] is used to solve the above problem. The baseband signal is defined and calculated according to (9) and (11), as shown by (12) where Mod denotes a modulus function. Clearly, does not affect the phase of ac components in the baseband signal. Thus, the delay imbalance due to different values for different does not alter the phase difference between the baseband signals, and the arctangent demodulation scheme can improve the robustness of the positioning system.
C. Principles of Vital Sign and Position Detection
The sensing process is described as follows. First, the baseband signal is split by low-pass and high-pass filtering. That is, the baseband signal can be rewritten as (13) where and represent the low-pass filtered and high-pass filtered baseband signal. Substituting (4) into (12) , and assuming that , enables to be approximated by (14) which includes the dc level and the Doppler signal that is caused by cardiopulmonary motion. To eliminate the dc level, the term must equal an integer multiple of by adjusting via the ILO tuning voltage . Moreover, should be kept as minimum as possible by fastening the tag belt very tightly around the chest. Since the propagation delay is generally less than the period of the vital sign of interest, can be approximated as , and the low-pass filtered baseband signals from which the vital sign information is extracted are almost identical at all three receivers.
The high-pass filtered baseband signal in (13) is given by (15) The sine function described by (15) represents a delayed version of the sinusoidal modulation signal that is applied to the ILO of the tag. Moreover, the TDOA between the and receiver is proportional to the phase difference between and , which is described by (16) where and are the distance from the tag to the and receiver, respectively. that are emitted from the tag with unknown position, hyperbolas are plotted using the following equations:
The point of their intersection is the location of the detected tag. Fig. 4 (a) presents a photograph of the SIL tag that was used in the experiment. The ILO adopts a single-ended Colpitts architecture and consumes a dc power of 20 mW. The 5-dBm output power of the ILO is fed into the planar inverted F antenna. The tag occupies an area of . A 2.5-MHz sinusoidal signal enters the tuning terminal of the ILO in the tag to generate an SFM signal with a modulation bandwidth of 7 MHz. Notably, a higher modulation frequency yields a larger phase difference between the output baseband signals at the receivers. However, limited by the tuning speed of the ILO, the modulation frequency of 2.5 MHz is the highest that can be set for the SFM signal under a satisfactory signal-to-noise ratio. Fig. 4(b) shows a photograph of the IL I/Q receiver, which is assembled by several coaxial components, including an LNA, two power splitters, a pair of I and Q mixers, a 90-degree hybrid, two LPFs, and an ILO. The ILO used in this receiver is basically the same as that for the tag with an output power of about 5 dBm. It separates an injection and LO signal path to the ILO output port via a circulator.
III. EXPERIMENTAL SETUP AND VALIDATIONS
The operation of the IL I/Q receiver is verified by obtaining the consistent arctangent-demodulation results between theory and measurement. The experimental setup connects the LNA input directly to the Agilent E4433B ESG digital RF signal generator. In the experiment, the generator outputs an SFM signal with a carrier frequency of 2.41 GHz and an output power of . The modulation rate and the frequency deviation are 2.5 and 1 MHz, respectively. The propagation delay is zero, and the frequency variation of , caused by subject's cardiopulmonary activity, is not considered in this experiment. The ILO with a tank quality factor of approximately 5.2 adjusts its inherent oscillation frequency of the IL I/Q receiver to 2.409 GHz, such that the locking range and the initial frequency difference are 16 and 1 MHz, respectively. Hence the ILO can provide a time delay of 9.96 ns based on (7), and the passband frequency of the LPFs is dc to 23 MHz. With this specific value of , in this experiment is an integer multiple of . Figs. 3(a) and 3(b) plot the measured output signals in channels I and Q, respectively. As revealed in (9) and (11), the I-channel signal shown in Fig. 5 (a) exhibits a significant dc component of 1.197 V and a peak-to-peak amplitude of 0.031 V. Moreover, the waveform fluctuates at double the frequency of modulation rate. In contrast, the Q-channel signal plotted in Fig. 5(b) varies at the frequency of modulation rate with a dc value of 0.004 V and a peak-to-peak amplitude of 0.536 V. Therefore, is distorted quite obviously while is distorted only slightly. This phenomenon is similar to the so-called null and optimal points of a single-channel Doppler radar [31] . In short, the single channel receiver is limited by the fact that the phase term greatly influences the waveform of the output signal. Fig. 6 plots the baseband signals that are obtained by arctangent demodulation using DSP technique. It should be cautioned that the dc offset generated by self-mixing of the ILO leakage must be calibrated out before performing arctangent demodulation in the DSP program [31] . In Fig. 6 , the solid line plots the phase change that is calculated from (12) : the dc component and the amplitude of the ac component are 0 and 12 degrees, respectively. In Fig. 6 , the measurements are represented as circles, showing excellent agreement with the calculated predictions. Importantly, simultaneously considering both of the output signals in the I/Q channels with arctangent demodulation reveals that the baseband signal can precisely reflect the instantaneous frequency variation of the input SFM signal, regardless of the delay of ILO. 
IV. SENSING RESULTS AND DISCUSSION
The sensing environment is an cubicle office that contains various objects. The three subjects carry tags, breathe normally, and stand at coordinates (4,0.5), (1.5,2.5), and (4.8, 4.5) (m), respectively. For an SIL tag, this work simultaneously senses multiple individuals by using FDMA technique to avoid the clock synchronization protocol and mutual injection pulling issues present in competing techniques such as time division multiple access (TDMA) and code division multiple access (CDMA). The tags are operated at 2.41 GHz for subject 1, 2.44 GHz for subject 2, and 2.47 GHz for subject 3. The receivers, RX_A, RX_B, and RX_C, are located at (0,0), (8, 0) , and (m), respectively. To detect the positions and vital signs of multiple individuals, the IL I/Q receivers adjust the initial frequencies of the ILOs to 2.409 GHz for subject 1, 2.439 GHz for subject 2, and 2.469 GHz for subject 3 to demodulate the SFM signals from the different tags. Accordingly, in (7) is . To isolate vital sign and position information from the baseband signal, the cut-off frequencies for low-pass and high-pass filtering are set to 10 Hz and 2 MHz, respectively. Figs. 7-9 plot the high-pass filtered baseband signals for the indoor positioning of multiple individuals. The solid line, broken line, and dotted line represent the signal from RX_A, RX_B, and RX_C, respectively.
For subject 1, the distances between the tag and the receivers, , , and , are 4.03, 4.03, and 6.43 m, respectively. Since equals , the waveforms of and in Fig. 7 coincide. The phase differences, , , and are calculated to be 0 , 7.2 , and , respectively. From (17)- (19), the point of intersection yields the location of the subject as (4,0.497) (m); As shown in Fig. 8 , Fig. 9 . High-pass filtered baseband signals for positioning subject 3. 
,
, and are 12 , , and , respectively, and the position of subject 2 is therefore calculated to be (1.549, 2.454) (m); Similarly, the calculated position of subject 3 is (4.836, 4.538) (m) since , , and in Fig. 9 are , , and 12.3 , respectively. Table I presents the actual and estimated positions of the subjects. The errors, 0.3, 6.7, and 5.2 cm, reveal good agreements. In this study, more than 10 measurements were taken by varying subject positions. The distance error in the worst case is 10 cm. The sensing range can be further expanded by increasing the output power of the tag and the LNA gain of the receivers, or installing more receivers.
In the proposed system, a simple time-division multiplexing scheme is used to sense multiple individuals by switching all the channels in turn in order to collect the signal samples from different channels easily. In the actual measurement, the channel switching and sampling time is set at 0.01 and 0.1 s, respectively. Accordingly, the system allows a maximum capacity of 10 people.
Indoor environments affect the positioning accuracy in a localization system more than do outdoor ones because of multipath and non-line-of-sight (NLOS) effects. It can be straightforward to expand the proposed receiver architecture with spatial diversity to improve the multipath fading. The other challenge is the NLOS problem that is based on the assumption that the path between the tag and part of the receivers is obscured. To solve this problem, first, the sensitivity and density of the receivers must be increased, and then the LOS and NLOS signals are collected and processed, using existing algorithms [32] to find the actual position of the detected target. Fig. 10 plots the signal waveform of the sensed vital signs of subject 1. The irregular fluctuation in the period between 27 and 30 s is caused by the subject's fidgeting movements. The solid line, broken line, and dotted line in Fig. 11(a) represent the spectra in Fig. 10 with different 10-s periods. Clearly, the heartbeat signals are not always distinguishable from random body motion signals. Therefore, this work improves the canceling of random body motion based on autocorrelation concept by using a spectral product approach, which is expressed as (20) where and denote the Fourier transform operator and the rectangle function, respectively. In this approach, the length of rectangle function determines the autocorrelation resolution of the detected signals while the overlap length of two adjacent rectangle functions affects the autocorrelation contrast between the vital sign and random body motion signals. Generally speaking, it requires a longer measurement time to achieve a higher autocorrelation resolution by increasing the length of rectangle functions. Moreover, a smaller overlap ratio between two adjacent rectangle functions makes the autocorrelation contrast better to help reduce the effect of random body motion on the detection of vital signs using (20) . However, a smaller overlap ratio leads to a lower signal autocorrelation, which makes the extraction of vital signs more difficult. Therefore, process times of 10 and 5 s are respectively set for the length of rectangle function and the overlap length of two adjacent rectangle functions according to the experimental experience. Fig. 11(b) presents the improved spectrum. The vital signs are clearly a breathing rate of 18 breaths/min and a heart rate of 74 beats/min. Fig. 12 plots the signal waveform for subject 2: it includes an irregular fluctuation associated with random body motion from 11 to 15 s. As shown in Fig. 13(a) , the resulting spectrum in the period range of 10-20 s conceals the respiration signal. However, the improved spectrum shows a breathing rate of 17 breaths/min and a heart rate of 72 beats/min; Also, according to Figs. 14 and 15, subject 3, exhibiting random body motions between 18 and 21 s, has a breathing rate of 22 breaths/min and a heart rate of 71 beats/min. Table II summarizes the sensed vital signs of the subjects. This system can distinguish vital sign signals from random body motion signals with the help of the proposed spectral product approach. from two different systems yield consistent estimates of 55 and 17 times/min for heart and breathing rate, respectively. Table III compares recently developed indoor positioning systems. The RSS systems, developed by [4] and [5] , involve more receivers and less bandwidth than other systems. To improve positioning accuracy, [4] and [5] develop a kernelized distance calculation algorithm and a positioning Kalman filter, respectively, to process the measured signal strengths from various receiving units. [8] combines TOA and AOA positioning algorithms with a 1400 MHz channel bandwidth to mitigate the positioning inaccuracy in a dense cluttered environment. The other AOA system [20] utilizes Doppler radars to detect a subject from his or her respiration signals. It therefore provides a tag-free wireless positioning system for human subjects. The switched-beam phased antenna arrays of [8] and [20] involve four antenna elements to position the desired target, and the azimuth resolution is further improved in each case by increasing the number of antenna elements. [18] uses a millimeter-wave FMCW radar as a measuring unit and a switched injection-locked oscillator as a backscatter transponder tag for RTOF estimation. This transponder architecture significantly amplifies the response signals and thus enlarges the sensing range. The positioning accuracy reaches 10 cm. In the prior art using TDOA method, [10] utilizes a 300 ps Gaussian pulse to modulate an 8 GHz carrier signal. Additionally, many schemes are applied to synchronize receiving units on the picosecond scale so as to achieve a best accuracy of 0.245 cm. [11] proposes a single input and multiple output (SIMO) approach with an enhanced TDOA (E-TDOA) algorithm to mitigate the multipath problem. It provides accurate positioning in a small environment. Generally, all previous methods involve a trade-off among accuracy, channel bandwidth, and system complexity. In contrast, this work develops SIL tags and IL I/Q receivers to implement a TDOA-based indoor positioning system without using RF reference signals. It achieves a 10-cm accuracy with a 7-MHz channel bandwidth. In comparison, the proposed system has the smallest fractional bandwidth per tag and a relatively simple architecture with comparable accuracy. Moreover, with the help of FDMA technique, the system is validated to simultaneously detect information about the vital signs and positions of multiple subjects.
V. CONCLUSION
This work presents a sensing system that combines TDOA and SIL radar technology to provide simultaneous information about the vital signs and positions of subjects in an indoor environment. The system architecture consists of mainly SIL tags and IL I/Q receivers to eliminate the reference signal synchronization issue that arises in conventional TDOA methods. The FDMA technique is used to identify multiple individuals in the sensing range. In a cubicle office of , the 2.4 GHz prototype receivers locate three subjects with an error of under 10 cm. Moreover, the proposed spectral product approach provides accurate and reliable information of the cardiopulmonary activity of each subject who is standing with fidgeting movements.
